Summary: 19F magnetic resonance imaging techniques were used to determine "wash-in" and "wash-out" curves of the inert, diffusible gas CHF3 from O.4-cc vox els in the cat brain, and mass spectrometer gas detection was used to determine the CHF3 concentration in expired air. These two sets of data were used to calculate cerebral blood flow values in the O.4-cc voxels, and the blood flow images were registered with high-resolution IH magnetic resonance images. Data were collected both during the wash-in and wash-out phases of the experiment, but the two sets of data were analyzed separately to obtain inde pendent estimates of the blood flow during the two phases, i.e. , Qin and Qout . Repeated determinations of 19p magnetic resonance (MR) spectroscopy has been used to follow the wash-out of the inert fluo rinated gas CHP3 from the brain, and calculate ce rebral blood flow (Eleff et aI. , 1988; Barranco et al. , 1989; Ewing et aI. , 1990; Detre et aI. , 1990). These studies demonstrated that blood flow values calcu lated using 19p MR techniques were similar to those derived from radioactive micro spheres (Bar ranco et aI. , 1989) and the Kety-Schmidt approach (Ewing et aI. , 1990) over a wide range of P aco2 val ues, but also pointed out problems with the lack of adequate spatial selectivity and spatial resolution.
19p magnetic resonance (MR) spectroscopy has been used to follow the wash-out of the inert fluo rinated gas CHP3 from the brain, and calculate ce rebral blood flow (Eleff et aI. , 1988; Barranco et al. , 1989; Ewing et aI. , 1990; Detre et aI. , 1990) . These studies demonstrated that blood flow values calcu lated using 19p MR techniques were similar to those derived from radioactive micro spheres (Bar ranco et aI. , 1989 ) and the Kety-Schmidt approach (Ewing et aI. , 1990 ) over a wide range of P aco2 val ues, but also pointed out problems with the lack of adequate spatial selectivity and spatial resolution.
The lack of adequate spatial selectivity meant that signals from brain were contaminated with sig-nals from superficial tissue. In the original studies this problem was ameliorated by reflection of sur face tissue and placement of the MR coil directly on the exposed skull. The lack of adequate spatial res olution meant that large areas of brain were sam pled, and multicompartment analysis of the data was necessary. Both of these problems can, in prin ciple, be addressed by MR imaging or sensitive vol ume techniques.
Recent 19p MR studies utilized a sensitive vol ume approach to localize cerebral blood flow mea surements to a 4-cc voxel (van Zijl et aI. , 1990 ) and gradient-refocused imaging techniques to localize cerebral blood flow measurements to a 2-cc voxel (Branch et aI. , 1992) . The study reported here was undertaken to determine if the spatial resolution of the approach could be further improved. The re sults demonstrate that phase-encoded spectro scopic imaging approaches, combined with high magnetic field strengths (4. 7 T), can give accurate measurements of cerebral blood flow in O. 4-cc vox e\s in the cat brain.
MATERIALS AND METHODS

Animal preparation
All animal procedures were performed under a protocol approved by the Animal Care and Use Committee of the National Institute on Alcohol Abuse and Alcoholism. Five female cats (2.4-3.2 kg) were used for these studies. The cats were initially anesthetized with ketamine (25 mg/kg, i.m.) and acepromazine (0.25 mg/kg, i.m.). Body temperature was maintained with a water-jacketed heat ing blanket. Femoral artery and vein catheters were in serted, and an endotracheal tube placed. In four of the five animals studied a fiberoptic temperature probe (Lux tron Model MAM-lO) was inserted into the contralateral femoral vein, and body temperature was monitored with a Luxtron Model 3000 "Fluoroptic" system. Arterial blood pressure and heart rate were continuously moni tored. Arterial samples for blood gas analysis were with drawn at routine intervals and at specific points during the experimental protocol (see Results). The base-excess was kept between -3 and + 1 mmollL with i. v. injections of 8.4% sodium bicarbonate.
Animals were placed in a specially designed holder, paralyzed with a 4-ml i. v. injection of succinyl choline (5 mg/ml in saline), and ventilated with a Harvard Model 665 respirator. The respirator volume was adjusted to keep the P aco2 at -36 mm Hg. Anesthesia was maintained with an i.v. drip (3-10 mllh) of a saline solution containing 6 mg/ml ketamine, 0.13 mg/ml acepromazine, and 0.18 mg/ml succinyl choline.
Experimental protocol
The experimental protocol comprised three consecu tive periods: a "control" period in which the animal in haled either room air or a mixture containing -25% O2/ 75% Nz, a "wash-in" period (-20 min) in which the an imal inhaled a mixture containing 57% CHF3/24% Oz/19% Nz, and a "wash-out" period in which the animal again inhaled either room air or a mixture containing -25% Oz175% Nz. The long (20 min) wash-in period was chosen to ensure saturation of the brain with CHF3.
Mass spectrometer detection of CHF 3
The endotracheal catheter was connected to the respi rator air hoses with a plastic Y tube. One end of a 3.2-m length of 21-gauge (0.051 cm i.d.) Tygon capillary tubing was permanently inserted through the wall of the "com mon" leg of the Y tube. In this configuration the capillary alternately sampled inspired and expired air. The other end of the Tygon capillary was connected to one end of a lO-m length of 21-gauge stainless steel capillary tubing. The other end of the stainless steel capillary tubing was connected to a UTI Instruments Model 100 C mass spec trometer gas analyzer automated with a Spectralink Model 100 system (UTI Instruments, Milpitas, CA, U.S.A.). The flow rate in the capillary tubing was -35 cc/min, and the transit time from the animal to the mass spectrometer was -5 s. The mass spectrometer was used in the continuous sampling mode with a mass/charge ratio of 51, which is appropriate for one of the major disinte gration products of CHF 3' The data were digitized with a time resolution of -0.37 s. Control experiments with CHF3/N2 gas mixtures demonstrated that the steady-state outpu. t of the mass spectrometer was linearly related to the CHF3 concentration in the sampled gas (data not shown). Figure 1 illustrates the mass spectrometer signal for CHF3 during part of a typical inhalation protocol. The maximum reading in each respiratory cycle corresponds to inspired air, whereas the minimum reading corre sponds to expired air. At 600 s the input of the respirator was switched from room air to a mixture containing 57% CHF3/24% 02119% N2. The delay in the arrival of CHF3 at the animal (-33 s) is due to transit through the respi rator hose. The exponential time constant for the rise in CHF3 concentration in inspired air at the animal (-2 s) is presumably due to mixing during transit through the res pirator hose. In some cases there was a small overshoot in the signal for inspired CHF3 during this initial phase.
After completion of rapid mixing in the input respirator hose the mass spectrometer signal for inspired CHF3 did not become constant, but showed a small, slow increase as a function of time (Fig. 2C ). This slow increase was approximately exponential, with a total change of -17%, and a half-time of -4 min. It was assumed that the CHF3 concentration in the inspired air hose was constant after -12 s of mixing, and that the slow, secondary increase in the mass spectrometer reading for inspired CHF 3 was due to a "drift" in the mass spectrometer or the gas sampling system (see below). The mass spectrometer signals for expired CHF3 were normalized to correct for this slow drift by dividing the amplitude of the signal for expired CHF3 by the amplitude of the signal for inspired CHF3• During the rapid initial increase of inspired CHF3, this correction was obtained from the extrapolated linear fit to the initial linear region of the slow increase in the inspired CHF3 signal (dashed line, Fig. 1 ).
The explanation for the slow secondary increase in the mass spectrometer signal for inspired CHF3 observed during the wash-in phase of the experiment is unclear. Control experiments were performed in which the end of the sampling capillary normally attached to the endotra cheal tube of the cat was exposed to various gas mixtures. When the gas mixture was changed from room air to 100% CHF3, the mass spectrometer signal for CHF3 showed a fast initial increase, followed by a small, slow increase that was similar to that observed for inspired CHF3 during the wash-in phase of the data shown in Figs. 1 and 2C. The time dependence of this small increase in 1. PEKAR ET AL. 
..
-0.5 mass spectrometer signal was correlated with the time dependence of a small increase in pressure at the end of the gas sampling capillary attached to the mass spectrom eter. One explanation for the results of these control ex periments is that the slow secondary changes in the mass spectrometer signals were caused by secondary adjust ments in the pressure in the sampling capillary when the gas mixture was changed from room air to one containing high concentrations of CHF3. These adjustments could be due to differences in the bulk transport properties, e.g., viscosity, of the different gas mixtures.
No correction was applied to the mass spectrometer signal for expired CHF 3 during the wash-out phase of the experiment because the mass spectrometer signal for in spired CHF3 was essentially zero under these conditions (Fig. 2C) . However, assuming the magnitude of the slow drift in the signal for inspired CHF3 during the wash-out phase is approximately the same as the magnitude of the slow drift observed during the wash-in phase, the normal ization factor for expired CHF3 would change by � 10% after 4 min of wash-out. This small decrease in normal ization factor would have little significant effect on the observed time dependence of the mass spectrometer sig nal for expired CHF3 during the wash-out phase of the experiment.
Magnetic resonance imaging
A 3.2-cm diameter surface coil was positioned over the parietal region of the intact head, and the animal was placed in a 4.7-T General Electric CSI Omega MR spec trometer. Axial, coronal, and sagittal1H MR images were collected using a spin-echo sequence. The slice thickness for the IH MR images was 2 mm, the repetition time (TR) J Cereb Blood Flow Metab. Vol. 14, No.4. 1994 was 2.5 s, and the echo time (TE) was 60 ms. The reso lution was 256 x 256 and the field of view was 50 x 50 mm. Two cycles were acquired, giving a total time for each image of 21 min.
The IH MR images were used to choose a 0.8-cm thick slice parallel to the plane of the surface coil. The coil was then retuned in situ to 19F, and a I -ms sinc pulse was used to select the 0.8-cm slice. Standard spectroscopic imaging utilizing two-dimensional phase encoding (Brown et aI., 1982) was used to provide a two-dimensional 16 x 16 19F image of the 0.8-cm thick slice (Fig. 3) . Each data set was acquired using 14 x 14 limited "k-space" acquisition.
The field of view was I 1.3 x I 1.3 cm, the nominal voxel dimensions were 0.7 x 0.7 x 0.8 cm, and the nominal voxel volume was 0.4 cc. The full width at half-maximum of the spatial point spread function in the plane of the slice was 0.95 cm.
19F MR images were acquired every 33 s during the experimental protocol (see above). The free induction de cays for each voxel were apodized with a 30-Hz expo nential function that is approximately equal to the intrin sic linewidth of the 19F MR signal from CHF3 in the brain. The use of this "matched filter" gives the optimum sig nal/noise ratio for the 19F MR signal from CHF3 in the brain (Chen and Hoult, 1989) . The amplitUdes of both components of the "doublet" spectrum of CHF3 (Fig. 4) were added to obtain the total amplitude, which was used to monitor the CHF3 concentration in the brain.
Calculation of cerebral blood flow
The time dependence of the CHF3 concentration in ex pired air was calculated from the mass spectrometer data (see Results). The wash-in and wash-out periods of the RF Acquire "'hase
Timing diagram for two-dimensional slice-selective spectroscopic imaging. RF , transmitter channel; G s1;c e, slice select gradient; G phase' phase encode gradients.
arterial data were fit to separate bi-exponential curves, and the resulting analytic expressions were employed in subsequent calculations. The time dependence of the CHF3 concentration in the brain was analyzed using a single-compartment model to calculate the cerebral blood flow Q in the O.4-cc voxels.
The following equation was used (Kety, 1951) 
where Cb(n is the CHF3 concentration in the voxel, Ca(!)
is the CHF3 concentration in arterial blood, and A is the brain/blood ' partition coefficient for CHF3• The arterial input function was assumed to be identical to the time course of CHF3 in expired air (Branch et aI., 1991) , and A was assumed to be 0.90 ml/g for both gray and white matter (Barranco et aI., 1989; Ewing et aI., 1990) . Inde pendent estimates of Q were calculated for the wash-in (Qin) and wash-out (Q out ) phases of the inhalation proto- Table 1 , the global average value of Qin -Qout was 7 ± 13 ml 100 g-I min-I.
The entire procedure described above was per formed on five different animals. The resulting val ues of Qin and Qout for voxel B are shown in Table   2 . Table 2 also shows the average value of the dif ference Qin -Qout for the five sequential experi ments. The global average values of Qin -Qout (see above) for cats 1,2,3,4, and 5 were 2 ± 23,20 ± 24,48 ± 54,7 ± 13, and 5 ± 14 ml100 g-I min-I, respectively. The global average values of Qin -Q out for cats 1 and 5 were not significantly different from zero, using a two-tailed Student's t test (p = 0.05).
The average fluctuation in P aco 2 during the five Fig. 6 . The elapsed time for each set of data is 60 min (Fig. 2) . Data from cat 4. The grid depicting the voxels is identical to that shown in Fig. 6 .
sequential experiments in each animal was ± 1.6 mm Hg. Linear regression analysis of the fluctua tions in Qin and Qout as a function of the fluctuations in P aco 2 were per f ormed for each of the sequential data sets shown in Table 2 . None of the data sets gave a statistically significant (p = 0.05) relation between the fluctuations in Qin or Qout and the fluc tuations in P aco 2 '
Physiologic parameters
The average physiologic parameters were: P aco2' 36.4 ± 1.5 mm Hg; Pao 2 , 100 ± 9 mm Hg; pHa' 7.38 ± 0.02; MABP, 90 ± 8 mm Hg; heart rate, 154 ± 25 min -I; body temperature, 38.2 ± O.4°C.
The mean arterial blood pressures and heart rates during the CHP3 wash-in period were compared with the average values of these parameters in the initial control period and the final wash-out period. The relative changes in mean arterial blood pres sure and heart rate during CHP 3 inhalation are shown in Table 3 .
DISCUSSION
Our major conclusion is that 19p MR imaging can be used to measure cerebral blood flow in O.4-cc voxels in the cat brain. The use of an imaging ap proach means that contributions from superficial tissue to the cerebral wash-in and wash-out curves are minimized without invasive surgical proce dures. The use of a relatively small voxel means that single-compartment models can be used to an alyze the data.
In the original19p studies with CHP3 (Eleff et aI., 1988; Barranco et aI., 1989 ) data were collected only for the wash-out phase of the experiment. In subsequent studies (Ewing et aI., 1990; Branch et aI., 1992) data were collected both during the wash in and the wash-out phases, and analyzed with the assumption that the cerebral blood flow was the same during both phases. In the present study, data were collected both during the wash-in and wash out phases, but the data were fitted separately to obtain independent estimates of the blood flow dur ing the wash-in (Qin) and wash-out (Qout) phases.
The data shown in Tables 1 and 2 show that in many cases the difference between Qin and Qout for the same inhalation cycle is within the uncertainties in the calculated values of Qin and Qout. ·However, in many other cases the difference between Qin and Qout is substantially larger than the uncertainties in the calculated values of Qin and Qout.
There are a number of reasons why Qin and Qout for the same inhalation cycle could be different. One reason is that the cerebral blood flow could vary as a function of time. If the differences be tween Qin and Qout were due to random variation in the cerebral blood flow, the average value of QinQout for sequential measurements would approach zero. The average values of Qin -Qout for many of the data sets in Table 1 and Table 2 are not signif icantly different from zero. The global average val ues (averaged over all repetitions and all six voxels)
of Qin -Qout for cats 1 and 5 were not significantly different from zero (see Results): For these cats the differences between Qin and Qout could be due to random temporal variation in the cerebral blood flow.
The global average values of Qin -Qout for cats 2,3, and 4 are significantly different from zero (see Results). For these cats the observed differences between Qin and Qout cannot be due entirely to ran dom temporal variation in the cerebral blood flow. One possible explanation for the observed dif ferences between Qin and Qout for these cats could be a direct effect of CHF3 on cerebral blood flow. Previous studies with radioactive microspheres showed that inhalation of a gas mixture containing 70% CHF3 caused significant regional alterations in cerebral blood flow (Barranco et aI., 1989) , but other studies using the Kety-Schmidt approach demonstrated that inhalation of a gas mixture con- Cat I 62 ± 6/66 ± 6a 63 ± 6/64 ± 7 52 ± 5/73 ± 8 57 ± 5/85 ± 9 65 ± 6/68 ± 7 60 ± 5171 ± 8b -11 ± 12c
Cat 2 78 ± 8/86 ±9 120 ± 15/66 ±6 109 ± 14/67 ±6 112 ± 14/105 ± 12 100 ± 11185 ±9 104 ± 16/82 ± 16
± 25
Cat 3 Cat 4 Cat 5 132 ± 20/81 ± 10 67 ± 5/76 ± 6 66±6/77±8 108 ± 15/65 ± 7 56 ± 4/67 ± 5 72 ± 7/73 ± 8 114 ± 15/55 ± 5 55 ± 4/57 ± 4 61 ± 6/73 ± 7 154 ± 28/79 ± 9 66 ± 5/68 ± 5 61 ± 6/63 ± 6 95 ± 12/63 ± 6 82 ± 7/57 ± 4 59 ± 5/62 ± 6 120 ± 23/69 ± 11 65 ± 11/65 ± 8 64 ± 5/70 ± 7 52 ± 16d 0.2 ± 14 -6 ± 5
Qin and Q u ut refer to blood flow values measured during wash-in and wash-out, respectively, of CHF,. The voxel used for these measurements is designated "Voxel B" in Fig. 6 . taining 60% CHF3 did not significantly affect total cerebral blood flow (Ewing et a!., 1990) . The ob served differences in Qin -Qout did not appear to be correlated with the observed effects of CHF3 on MABP and heart rate during the inhalation period (Table 3) .
The effect of CHF3 on cerebral blood flow could be due to an interaction between CHF3 and the an esthetic used in these experiments (ketamine). Some support for this hypothesis comes from un published data on cerebral blood flow measure ments in a 0.8-cc voxel in the parietal cortex in cats anesthetized with pentobarbital (Pekar et a!., un published data). In five animals anesthetized with pentobarbital the average value of Qin -Qout was -0.4 ± 7 ml 100 g-I min -I, which is not signifi cantly different from zero, using a two-tailed Stu dent's t test (p = 0.05).
For individual cats, the average standard devia tion of Qin and Qout obtained from a series of mea surements in the same voxel (Voxel B; Fig. 6 ) is ± 14% (Table 2) . A significant fraction of this vari ation can be attributed directly to noise in the 19F MR signal from the voxel. For example, Monte Carlo calculations that incorporate the observed noise in the 19F MR signal predict an average stan dard deviation for the cerebral blood flow measure ments of ± 10% ( Table 2 ). The remainder of the variation in the calculated cerebral blood flow val ues is presumably due to variation in the physio logic state of the animal during the experiment. The fluctuations in cerebral blood flow are not, how ever, correlated with the small changes in P aco 2 values observed during the sequential measure ments (see Results).
The precision of the estimated cerebral blood flow value for the O.4-cc voxels could be substan tially improved (by �40%) if the wash-in and wash out data were fitted using the same blood flow value. For data sets where Qin and Qout were not significantly different, this procedure would be rea sonable. However, for data sets where Qin and Qout J Cereb Blood Flow Metab, Vol. 14, No.4, 1994 were significantly different, this procedure wQuld not be appropriate.
Even under conditions where Qin and Qout can be assumed to be the same, it is not clear how to op timize the precision of the estimated cerebral blood flow value. Branch et a!. ( 1 992) conclude that if the data can be fitted using a single-compartment model, the precision of the estimated cerebral blood flow value for an experiment using a single long wash-in/wash-out cycle is similar to the precision of the estimated cerebral blood flow value for an ex periment using mUltiple short wash-in/wash-out cy cles taking the same total time. If a single compartment model is used to analyze the data, a single wash-in/wash-out inhalation cycle would thus be preferred, because the observed data could be analyzed to obtain independent estimates of Qin and Qout ·
The cerebral blood flow values reported here for the parietal region agree reasonably well with val ues previously reported for cats under ketamine an esthesia using 19F MR (Barranco et a!., 1989) . g -1 min -1 calculated from the data in Table 2 . The close agreement may be fortuitous, because the voxel size utilized in the present study (0.4 cc) is much smaller than the "sensitive volume" for the previous study (�2. 7 cC), which did not use imaging techniques.
The data from previous studies that obtained sig nals from large ( � 2-4 cc) brain regions (Barranco et a!., 1989; Ewing et a!., 1990; van Zijl et a!., 1990; Branch et a!., 1992) were analyzed using multicom partment models, However, the CHF3 wash-in and wash-out data obtained from the O.4-cc voxels could be fitted using a single-compartment model ( Fig. 2A) . This observation is reasonable, because the IH MR images show that a large fraction of the brain tissue in these voxels is probably gray matter (Figs. 5 and 6) . The values obtained from the single compartment fit are, however, weighted averages of the blood flow values for the gray and white mat ter tissue in the voxel.
Some of the original 19F MR studies of cerebral blood flow (Barranco et a!., 1989; Ewing et a!., 1990) utilized direct arterial sampling to calculate an arterial input function for CHF3• This direct sam pling approach is, however, invasive. In a recent study Branch et a!. (1992) circumvented this diffi culty by using an anesthetic gas monitor to detect CHF3 in expired air. In the present study we used a mass spectrometer gas analyzer for this purpose. The mass spectrometer gas analyzer is well suited for monitoring the CHF3 concentration in expired air because it requires a very small volume sampling rate, has a rapid response, and is not sensitive to other components in the expired gas mixture, e.g., water.
The 19p MR approach described here avoids many of the problems inherent in the original 19p MR studies, and is directly applicable to human studies. One advantage of the 19p MR approach is that it utilizes classic tracer methodologies and al lows a clear interpretation of the data in terms of cerebral blood flow. A second advantage is that high-resolution 1 H MR images can be collected without the need for repositioning the coil or the animal. This approach obviates the need for' 'fidu cial markers" or "landmarks," and avoids the problems involved with registering blood flow im ages and anatomic images taken with different methods. A third advantage is that the 19F MR ap proach, like positron emission tomography, allows a calculation of the cerebral blood flow under "steady-state" conditions, and does not require ac tivation of the brain by sensory stimulation para digms. The major disadvantage of the 19F MR ap proach is the voxel size, which in the present study is 0.4 cc. In order to keep the voxel size as small as possible, human studies may have to be performed with high-field (e.g., 3 or 4 T) magnets. A second disadvantage of the 19F MR approach is the possible effect of high concentrations of CHF3 on the cere bral blood flow. Hopefully, the apparent effects of CHF3 on cerebral blood flow observed in this study can be alleviated by using smaller concentrations of CHF3 in the inhaled gas mixture.
